Aim: To investigate the antiviral effects of vectors expressing specific short hairpin RNAs (shRNAs) against Hantaan virus (HTNV) infection in vitro and in vivo. Methods: Based on the effects of 4 shRNAs targeting different regions of HTNV genomic RNA on viral replication, the most effective RNA interference fragments of the S and M genes were constructed in pSilencer-3.0-H1 vectors, and designated pSilencer-S and pSilencer-M, respectively. The antiviral effect of pSilencer-S/M against HTNV was evaluated in both HTNV-infected Vero-E6 cells and mice.
Introduction
Hantaviruses represent one of the important emerging and re-emerging viral groups and have become a global threat to public health in different areas of the world [1, 2] . Hantaviruses lead to two severe febrile diseases worldwide, ie, hemorrhagic fever with renal syndrome (HFRS) in Eurasia due to Old World hantavirus and hantavirus pulmonary syndrome (HPS) in the Americas due to New World hantavirus [3] . Approximately 60 000-100 000 HFRS cases are reported each year worldwide, and the mortality rate can reach 10% [1, 4] . Hantaviruses belong to the genus Hantavirus of the Bunyaviridae family, and they are enveloped, single-strand, negative-sense, tri-segmented RNA viruses. The viral genomes consist of large (L), medium (M) and small (S) segments that encode an RNA-dependent RNA polymerase and two envelope glycoproteins (Gn and Gc) and a nucleocapsid (N) protein. Variations in the M and S segments may influence the antigenicity and virulence of hantaviruses [5, 6] . Extensive efforts have been made in the search for effective preventative and treatment measures for hantavirus infections [1, 7] . Ribavirin is a broad-spectrum synthetic nucleoside analog that has been reported to effectively inhibit the replication of the Hantaan virus (HTNV, an Old World hantavirus) and Andes virus (ANDV, a New World hantavirus) in vitro and in vivo [8] . However, there are currently no prophylactic vaccines or therapeutic antivirals for hantavirus infection that are approved by the FDA. Therefore, the exploration of novel treatment strategies for hantavirus infection is urgent and necessary.
RNA interference (RNAi) is a short, double-strand RNA induced-process that can target the mRNA of a specific sequence for degradation [9, 10] . Post-transcriptional gene silencing can be mediated by endogenous microRNAs (miRNAs), exogenous small interfering RNAs (siRNAs), and short hairpin RNAs (shRNAs). RNAi technology is recognized as a promising, novel nucleic acid-based tool for use against various diseases, including cancer, infectious diseases and genetic disorders. RNAi reagents have also been reported to potently and specifically inhibit the replication of different viruses, including HIV, HBV [11] , HSV [12] , SAR-CoV [13] , influenza virus [14, 15] , coxsackievirus [16] and others. Thus, the development of RNAis as possible antiviral agents for hantavirus infection is of considerable interest [17] . In the present study, we examined the effects of shRNAs on HTNV replication using 4 shRNAs that targeted different regions of the HTNV genomic RNA. We further transfected the two most effective shRNAs into the shRNA Expression Vector, pSilencer-3.0-H1 and named the resultant vectors pSilencer-S and pSilencer-M. The antiviral effect of pSilencer-S/M against HTNV was ultimately evaluated in tissue culture and a mouse model.
Materials and methods

Cells, virus, and reagents
Vero-E6 cells were obtained from the China Center for Type Culture Collection (CCTCC) and maintained in DMEM supplemented with 10% fetal bovine serum (FBS, GIBCO, Carlsbad, CA, USA), 0.1% L-glutamine, 100 U/mL penicillin and streptomycin. DMEM containing 2% FBS was used to maintain the medium after viral infection. The stocks of Hantaan virus strain 76-118 were obtained from the Institute of Virology of the Chinese Academy of Preventive Medicine (Beijing, China) and were propagated in Vero-E6 cells. HTNV titration was performed regularly based on indirect immunofluorescence assay (IFA) as described previously [18] . The TCID 50 was determined to be 10 6 /0.1 mL.
shRNA design and selection Two individual targeting sites were selected for the S (GenBank accession number AF187082) and M genes (GenBank accession number AF276987) of HTNV. The design of the shRNA sequences was performed according to methods referred to in the literature [19] and involved the use of the webbased Block-iT RNAi Designer program (http://rnaidesigner. thermofisher.com/rnaiexpress/). A BLAST search (http:// www.ncbi.nlm.nih.gov/BLAST) was performed to exclude the possible homologous sequences. The sequences and positions of the shRNAs are illustrated in Table 1 . The designed structure contained the following sequences: 5'-AA-sense strand siRNA, CTTGCTTC (loop region); and antisense strand siRNA, TATAGTGA (T7-Oligo promoter)-3'. The target gene is presented in Table 1 . A negative control was chosen to target positions 1023 to 1043 of Leishmania CRK1, the sequence of which was 5'-AATCGGGCAGTTGTTTGAGAT-3'.
The DNA template was synthesized by Sangon Biotech (Shanghai) Co, Ltd, and the shRNA was generated using the MessageMuter™ shRNA production kit (Qiagen) as described previously [12] . The Vero-E6 cells were grown in 24-well plates to 80%-90% confluence and transfected with specific or control shRNA (60 nmol/L) with RNAiFect transfection reagent (Qiagen, Germantown, MD, USA). At 24 h after transfection, the cells were infected with 100 TCID 50 HTNV 76-118 (100 μL per well), and viral RNA was detected by qRT-PCR at 24 or 48 hour post-infection (hpi) to determine the interference efficiency. The viral titers were determined at 96 hpi. The shRNA S1 and shRNA M2 were found to be the most effective shRNAs in terms of the inhibition of HTNV and were selected for use in the subsequent experiments.
Construction of shRNA vectors targeting the S and M genes of HTNV Synthesized oligonucleotides containing the S1 and M2 shRNA sequences with BamH I or Hind III sequences at the 5' or 3' termini were designed as illustrated in Table  2 according to the instructions of the manufacturer of RNAi Designer (Invitrogen, Carlsbad, CA, USA). The two Table 2 . The oligonucleotides inserting into pSilencer-3.0-H1 vector.
Target Oligos Sequences
npg complementary oligonucleotides were annealed and inserted into the BamH I/Hind III site of the pSilencer-3.0-H1 vector. After transformation, clone PCR and enzyme digestion, the identified shRNA expression plasmids were sent for sequence analysis for further confirmation and were subsequently designated pSilencer-S and pSilencer-M.
Antiviral activity in vitro
One day before transfection, the Vero-E6 cells were seeded into 24-well plates at 5×10 4 cells per well. The 80%-90% confluent cells were then transfected with 0.25, 0.5, 1, 2, or 4 μg of the pSilencer-S, pSilencer-M or pSilencer 3.0 H1 (as pSilencerblank) vectors with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instruction. The transfection efficiencies were according to GFP expression of the co-transfected plasmid pEGFP-C1. After 24 hpi, the cells were infected with 100 TCID 50 /0.2 mL of HTNV76-118. At 1, 2, 3, 5, 7, and 9 day post-infection (dpi), antigen slides were prepared to detect the HTNV protein expressions by IFA.
In other parallel experiments, the cells from individual wells (2-μg plasmid transfection groups) were collected at 2 dpi for viral RNA detection. At 5 dpi, the cultures were subjected to two cycles of freezing and thawing followed by centrifugation at low speed (1000×g), and the supernatants were then serially diluted, inoculated on the cells, and finally titrated by IFA. Specific pathogen-free pregnant BALB/c mice were obtained from the Animal Research Center of Wuhan University. Suckling mice (2 d old) were intracranially inoculated with 20 μL HTNV 76-118 viral stock at 100 LD 50 . The mice were randomly divided into 4 groups (30 mice per group) and intraperitoneally injected with 10 μL of the plasmids (pSilencer-S, pSilencer-M or pSilencer 3.0 H1 vectors at concentrations of 3 μg/μL) or 10 μL PBS for the normal controls and viral controls at 1 and 3 dpi, respectively. The treatments were performed for the survival rate study (n=10); these mice were observed daily for 15 d following infection, and the mortality rate and mean time to death (MTD) were estimated.
Antiviral activity in vivo
Four mice from each group were sacrificed at 2, 3, 4, and 5 dpi, and brain tissues were collected for viral RNA detection by qRT-PCR. At 8 dpi, the brains, lungs and kidneys were dissected from the sacrificed animals (n=4) and used for pathological examinations with H&E staining.
At the experimental point of 5 dpi, the brains, lungs and kidneys were harvested, weighed and homogenized into a ~10% (weight/volume) suspension in test medium. The homogenates were frozen and thawed twice and centrifuged at 3000 rounds per minute for 10 min. The virus titers were determined as described above.
At the experimental point of 2 dpi, blood samples were collected and pooled for each group. TNF-α was detected in the sera with QuantiKine quantitative sandwich enzyme immunoassays according to the manufacturer's instructions.
qRT-PCR analysis Total RNAs were extracted from the cell or tissues using TRIzol reagents (Invitrogen, USA) following the manufacturer's instructions. First-strand cDNA was synthesized by reverse transcription of 500 ng of total RNA using random primers (Promega) and M-MLV reverse transcriptase (Promega) at 25 ºC for 10 min, 37 ºC for 60 min, 85 ºC for 5 min and 4 ºC for 4 min. The amplification was performed using the following primer sets: HTNV forward: 5'-TCTAGTT-GTATCCCCATCGACTG-3', HTNV reverse: 5'-ACATGC-GGAATACAATTATGGC-3'; human GAPDH forward: 5'-GGTGGTCCTCTGACTTCAACA-3', human GAPDH reverse: 5'-GTTGCTGTAGCCAAATTCGTTGT-3'; and mouse GAPDH forward: 5'-ACCCAGAAGACTGTGGA TGG-3', mouse GAPDH reverse: 5'-ACACATTGGGGGTAGGA-A CA-3'. The plasmid pGEM-T/HTNV, pGEM-T/human GAPDH, and pGEM-T/mouse GAPDH were stored in our laboratory and used to generate the standard curves. The absolute quantification of the HTNV viral gene was performed as previously described [20] . The data are presented as vRNA copies/ng of GAPDH mRNA.
Immunofluorescence assay (IFA) IFA was performed to detect the hantavirus antigens in the infected Vero-E6 cells as previously reported [18] with monoclonal antibody A35, which targets the nucleocapsid protein (1:200 dilution, provided by the Institute of Virology, Chinese Academy of Preventive Medicine, Beijing, China), or rabbit polyclonal antibody targeting glycoprotein G2 (1:100 dilution, provided by Prof John W HUGGINS, Virology Division, United States Army Medical Research Institute of Infectious Disease). After incubation, FITC-conjugated goat anti-mouse or anti-rabbit IgG (Sigma Aldrich, 1:200 dilution) secondary antibodies were used. The cell cytoplasm was stained red with Evans blue. The images were collected using a fluorescence microscope (Nikon TE2000).
Statistical analysis
All of the data were analyzed with SPSS 17.0 software. The data are expressed as the mean±SD for all experiments. Oneway ANOVAs were used to assess the significance of the differences between the means. P values below 0.05 were considered statistically significant.
Results
Inhibition of HTNV production in Vero-E6 cells by shRNAs shRNAs were designed to specifically target the S and M genes of HTNV. The efficacies of the shRNAs in the inhibition of HTNV replication were evaluated by transfecting the Vero-E6 cells with 60 nmol/L of S1, S2, M1 and M2 shRNAs fol-Liu YY et al Acta Pharmacologica Sinica npg lowed by the infection of the cells with 100 TCID 50 /0.2 mL of HTNV76-118. As illustrated in Figure 1A and 1B, the transfections of the 4 shRNAs resulted in the inhibitions of viral RNA transcription at 24 hpi of 65.72%±1.7% (S1), 56.8%±4.8% (S2), 55.17%±6.9% (M1) and 64.9%±5.7% (M2) (P<0.05 vs the virus group). When the cells were treated with the shRNAs at 48 hpi, the efficiencies of viral gene inhibition were 91.76%±2.29% (S1), 78.28%±6.46% (S2), 68.72%±8.8% (M1) and 95.23%±6.25% (M2) (P<0.05 vs virus group). No protective effect was observed in the Vero-E6 cells treated with shCRK.
For the yield-reduction assay, culture samples were collected at 96 hpi, and the titers were determined. The inhibitory effects of the four shRNAs against HTNV replication were evaluated. The four shRNAs reduced the HTNV yields by approximately 4 log 10 (S) and 2 log 10 (M) compared with the control ( Figure 1C) .
Based on these results and the viral antigen expression results detected by IFA (data not shown), we concluded that the shRNAs that targeted the S and M segments of the HTNV gene were able to inhibit RNA transcript and virus production in the HTNV-infected cells and that shRNA-S1 and shRNA-M2 exhibited a stronger inhibitory effect against HTNV. Thus, shRNA-S1 and shRNA-M2 were further selected for insertion into the pSilencer-3.0-H1 of the RNAi vector, and the resultant vectors were designated pSilencer-S and pSilencer-M.
Antiviral effects of pSilencer-S and pSilencer-M in HTNV-infected Vero-E6 cells
The RNAi pSilencer-S and pSilencer-M plasmids were constructed, and their antiviral effects were further evaluated by detecting the viral protein synthesis and RNA transcript and progeny virus titers in the HTNV-infected cells. The transfection efficiencies were evaluated according to the GFP expression of the co-transfected plasmid pEGFP-C1 and reached approximately 70%-80%. Treatment with pSilencer-S or pSilencer-M at concentrations of 1, 2, and 4 μg significantly decreased viral the antigen expression in the HTNV-infected Vero-E6 cells at 3 dpi (Figure 2 ). The percentages of positive cells declined with increases in the dose of transfected RNAi plasmids ( Figure 2H and 2I) . Only 14.69%±1.78% of the cells were positive for nucleocapsid protein staining in the 2-μg pSilencer-S treatment group compared to 56.8%±3.21% in the pSilencer-blank treatment group ( Figure 2H) . Similarly, the corresponding glycoprotein G2 positive staining rates were 14.8%±2.41% and 58.33%±6.24% in the 2-μg pSilencer-M treatment group ( Figure 2I ). These results indicate that the 2-μg plasmid transfection achieved the most effective inhibition of viral protein synthesis.
We further detected reductions of viral antigen expression in the HTNV-infected Vero-E6 cells treated with 2 μg plasmid throughout the course of a 9-d infection. The greatest inhibitory rates were noted at 3 dpi (76.1%±1.3% for pSilencer-S and 78.2%±2.4% for pSilencer-M, Figure 2J) . Moreover, the antiviral effect lasted at least 7 d (43.5%±3.4% for pSilencer-S and 46.7%±3.2% for pSilencer-M at 7 dpi).
The efficacies of the inhibitions of HTNV replication by pSilencer-S and pSilencer-M were also evaluated by detecting viral RNA transcription at 48 hpi following 2-μg plasmid treatment. As illustrated in Figure 3A , when the cells were treated with 2 μg of the RNAi plasmid, the efficiencies of S and M gene inhibition reached 89.2%±3.4% and 92.7%±2.1% at 48 hpi, respectively. At 96 hpi, the culture samples were harvested, serially diluted and assayed to determine the viral titers. As illustrated in Figure 3B , the two shRNA expression plasmids reduced the HTNV yields by approximately 2 log 10 compared with the control (Figure 3B ).
Taken together, these results indicate that pSilencer-S and pSilencer-M significantly reduced viral RNA transcripts, viral antigen synthesis and progeny virus production in the HTNV- infected Vero-E6 cells.
Protective efficacies of pSilencer-S and pSilencer-M in mice Suckling mice were infected with HTNV as described above and treated with pSilencer-S or pSilencer-M at 1 and 3 dpi, respectively. Compared with the pSilencer-blank group, the pSilencer-S-and pSilencer-M-treated animals died later and exhibited reduced clinical signs including weight loss, ruffled fur, huddling tendencies, paralysis of the hind legs and spasms. All placebo-treated and pSilencer-blank-treated mice died with an MTD of 9 d, whereas the treatments with the RNAi plasmids increased the survival rates and MTDs ( Figure   4A ). The RNAi plasmid treatment increased the survival rate to 27.3% and the MTD to 12-13 d (P<0.05).
The RNAi plasmid therapy resulted in significant reductions in the viral titers from the brain, lung, and kidney samples collected on 8 dpi (Figure 4B ), which were homogenized, serially diluted and assayed to determine the viral titers by IFA. No infectious viral particles were detected in the lungs, kidneys, or brains of the survivors at 15 dpi. The dynamic viral loads in the brains were analyzed by qRT-PCR, which indicated that pSilencer-S and pSilencer-M significantly decreased HTNV gene expression on 2, 3 and 4 dpi ( Figure 4C and 4D) .
Four animals from each group were sacrificed at 8 dpi, and the brains, lungs and kidneys were collected for pathological examination. As illustrated in Figure 5 , in the viral control group, the lung sections displayed thickened alveolar walls, interstitial lymphocyte and macrophage infiltrations, and hemorrhages. The brain tissues exhibited scattered hemorrhages, congestion, edema, and focal necrosis. The kidney exhibited focal renal interstitial hemorrhages and congestion. Both the pSilencer-S and pSilencer-M treatments decreased the severities of the viral lesions in the brain, lung and kidney tissues.
Discussion
HTNV infection has emerged as one of the severest infectious diseases threatening global health and has a significant worldwide economic influence [2] . In the present study, we demonstrated that vector-based shRNAs targeting specific sequences in the S and M segments of HTNV inhibited the expression and replication of HTNV in vitro and in vivo. Our results provide a new therapeutic candidate for the treatment of HTNV infections.
Since the discovery of RNAi, synthetic siRNA duplexes that generally consist of 21-23 nucleotides with 2-nt 3' overhangs have been used to target viral RNAs in a sequence-specific manner following transfection [21, 22] . However, the application of siRNAs has been limited by their short half-lives, the high costs of synthetic siRNAs and instability due to degradation by nucleases. Another method for inducing RNAi is via the transfection of plasmids that express antiviral short-hairpin RNAs (shRNAs), and this method is also an efficient means of eliciting RNAi in vivo [15, 21] . Our results indicated that the shRNA expression plasmids pSilencer-S and pSilencer-M potently inhibited HTNV production in the cell lines at 72 hpi and even at 96 hpi in the newborn mice. These results provide a basis for the further development of siRNA expression plasmids for HTNV infection prophylaxis and therapy. With the exception of ribavirin, no antiviral drugs for the treatment of hantavirus infection have been identified. Several members of the Bunyaviridae family, particularly HTNV, are sensitive to ribavirin [8] . We have reported that ribavirin can induce an up to 3.6-fold decrease in the vRNA level in HTNV infection at 4 dpi [20] , which is equivalent to the in vitro effects of pSilencer-S and -M observed in our experiments. With regard to the in vivo administration, the RNAi plasmid treatments increased the survival rate to 27.3% in a lethal HTNVinfected suckling mouse model. Zhou et al reported that the NP-specific siRNA expression plasmid pBabe-NP protected two of the eight mice (2/8) challenged with the lethal dose of avian influenza virus (H5N1) that killed all of the control mice [15] ; this result is similar to the antiviral effects of the other siRNA expression plasmids against HTNV observed in our in vivo experiments. However, we noticed that ribavirin has been reported to be capably of affording 100% protection against lethal Andes virus infections in hamsters [8] and also increases the survival rate to 81.8% in SEOV-infected suckling ICR mice [23] . The explanation of these phenomena may be related to the delivery of siRNA. The shRNA expression plasmid was distributed in the brain because the blood-brain barrier (BBB) of newborn mice is immature [24] . However, as a nonviral vector, the pSilencer shRNA expression vector does not readily cross the cellular membrane and is not stably introduced into the cells. Further studies are required to solve this problem, which is frequently considered a hurdle for the development of siRNA-based therapeutics [25] . To our knowledge, this is the first report of the inhibition of hantavirus infection with an shRNA; thus, this report enriches the antiviral spectrum of RNAi therapy. In recent years, known and emerging viruses have posed increasingly serious threats to public health. Effective vaccines and antiviral drugs are not available for the majority of these viruses. The transfection of shRNA-encoding plasmids is probably best-suited for the treatment of acute viral infections, particularly among people infected with virus strains that are resistant to conventional antivirals and in cases of severe or re-emergent disease. However, a number of barriers to medical application remain to be solved, eg, improvements in delivery strategies and the safety and stability of siRNA and other issues. 
